Background: Absolute quantification of protein biomarkers such as serum apolipoprotein A1 by both immunoassays and LC-MS can provide misleading results. Results: Recombinant ApoA-1 internal standard was prepared using stable isotope labeling by amino acids in cell culture with [ 13 C 6 15 N 2 ]-lysine and [ 13 C 9 15 N 1 ]-tyrosine in human cells. A stable isotope dilution LC-MS method for serum ApoA-1 was validated and levels analyzed for 50 nonsmokers and 50 smokers. Conclusion: The concentration of ApoA-1 in nonsmokers was 169.4 mg/dl with an 18.4% reduction to 138.2 mg/dl in smokers. The validated assay will have clinical utility for assessing effects of smoking cessation and therapeutic or dietary interventions in high-risk populations.
Apolipoproteins are high abundance serum proteins situated on the surface of lipoprotein particles that transport highly hydrophobic lipids. Current evidence suggests apolipoprotein A1 (ApoA-1) is a potential diagnostic biomarker for coronary heart disease risk [1, 2] . Furthermore, the risk of coronary heart disease is strongly associated with increased adiposity, which can be further increased by smoking behavior [3, 4] . Advances in MS, proteomics and protein bioanalytical approaches led to a rapid evolution and expansion in the area of MS-based biomarker discovery and development [5, 6] . Once a biomarker has been identified as a clinically relevant target, quantitative assays must be developed for diagnosis and prognosis of disease. Such quantitative assays should be sensitive, specific, robust, scalable as well as objective with high intra-and inter-laboratory reproducibility. Quantitative immunoassays such as ELISAs are widely used for quantifying protein biomarkers due to their high-throughput capabilities and high sensitivity [7] . Nevertheless, immunoassays based on epitope recognition can suffer from technical problems including weak antibody affinity, high cross-reactivity and lack of concordance among platforms [8] .
There is also a potential for cross-reactivity of the antibody with other high abundance proteins that are present in serum [9] . This can be avoided by specific protein purification prior to analysis. Unfortunately, selective losses can occur during the purification process leading to additional uncertainty in the analytical result [10] . Stable isotope dilution liquid chromatography-selected reaction monitoring (LC-SRM)/MS or LC-multiple reaction monitoring (MRM)/MS can provide a solution to these potential problems [11] [12] [13] [14] [15] . However, the cost and requirement for skilled researchers limits the utility of LC-MS-based procedures so that they are normally only used as confirmatory methods or when analyses of complex protein mixtures are required [16] .
Typically, protein quantification by LC-MS is performed using isotopically labeled tryptic peptides specific to the protein of interest as internal standards, a strategy known as Absolute Quantification (AQUA) [17, 18] . Quantification of ApoA-1 by LC-SRM/MS or LC-MRM/MS employing AQUA peptides has been reported for purified ApoA-1 [19, 20] , serum and plasma ApoA-1 [21] [22] [23] [24] [25] , and isolated HDL particles [26, 27] . In a recent report [28] , LC-MRM/MS using AQUA peptides was used for quantification and confirmation of ApoA-1 as a candidate biomarker. The Serum apolipoprotein A-1 quantification by LC-MS with a SILAC internal standard reveals reduced levels in smokers future science group
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differential expression of ApoA-1 was established in 24 hepatocellular carcinoma (HCC) and 26 hepatitis C-infected (HCV) patients. The three MRM/MS transitions and western blotting showed similar relative expression levels. However, absolute concentrations of ApoA-1 calculated from the three tryptic peptides were up to three-fold different for an individual patient. Another study evaluated the trypsin digestion efficiency by monitoring various tryptic peptides, derived from ApoA-1 and ApoB [12] . Although AQUA peptides were added before the tryptic digestion, formation and decomposition of individual monitored peptides was highly variable. This suggested that the selection of rapidly formed peptides with no or minor missed cleavages and the use of short trypsin incubation times were likely to reduce the improved accuracy. Therefore, the AQUA approach is recommended for use with proteins that readily undergo digestion to peptides that are stable to further hydrolysis [11] .
Ideally, a full length isotope-labeled protein as an internal standard should be added at the start of the analytical process. Protein standard absolute quantification (PSAQ) utilizes a cell-free biosynthesis system [29] , which expresses the target protein(s) with recombinant his-tag in combination with Ni-column purification or by immunoprecipitation. Unfortunately, different rates of degradation between the endogenous and PSAQ protein caused by serum proteases as well as different recoveries during clean-up stages have been observed [29] [30] [31] . Two new strategies for stable isotope labeling by amino acids in cell culture (SILAC) termed 'stable isotope labeled proteome (SILAP) standard' and 'absolute SILAC' were introduced in 2005 and 2008 [32, 33] , respectively to circumvent this problem. SILAC-labeled recombinant proteomes produced in vitro or in vivo are used as internal standards, which are directly mixed into lysates of cells or tissues [33] [34] [35] [36] , or appropriate biofluids such as cervicovaginal fluid and serum [37] [38] [39] . Two related SILACbased approached known as spike-in SILAC [40] [41] [42] [43] and super-SILAC [44] [45] [46] have been reported in which SILAC cells or whole animals are used to produce labeled protein internal standards. In contrast to the classical SILAC method [47] , these approaches can be applied to a large variety of samples [40] . The use of SILAC-labeled internal stand ards minimizes differences in sample processing and proteolytic digestion between the standard and its endogenous counterpart. Therefore, SILAC-based strategies can provide the most accurate and precise methods for absolute protein quantification [48] .
We report a fully validated method for the quantification of ApoA-1 in human serum using a spike-in SILAC approach. A number of methods have been reported previously that primarily used labeled ApoA-1 tryptic peptides as internal standard (Supplementary Table 1 ). The SILAC-labeled ApoA-1 internal standard used in the present study was labeled with [ 13 C 6 15 N 2 ]-lysine and [ 13 C 9 15 N 1 ]-tyrosine and expressed in the human kidney HEK293 cell line. The recombinant labeled ApoA-1 was expressed without a His tag (HHHH-HHH) or V-epitope tag (GKPIPNPLLGLDST) commonly used for recombinant protein purification and identification. SILAC-labeled ApoA-1 was spiked into serum samples at the beginning of the whole sample preparation procedure -before electrophoresis separation and tryptic digestion. Full validation was performed by employing nine tryptic peptides generated from native ApoA-1 and SILAC-labeled ApoA-1 in order to maximize coverage of the endogenous ApoA-1 protein. Our approach was systematically compared with traditional AQUA and ApoA-1 levels in 50 smokers and 50 nonsmokers were then determined.
LC-MRM/MS:
A typical analytical technology for quantification of proteins. Two stages of mass filtering are employed on a triple quadrupole mass spectrometer in the LC-MRM/MS mode. One precursor ion is selected in Q1 (usually doubly charged protonated molecule), and different sequence-specific product ions are analyzed in Q3.
AQUA peptide(s): Stable isotope labeling peptide(s), which are produced by peptide synthesis with labeled amino acids for use as internal standard(s) in protein or peptide Quantification (AQUA). Typically, AQUA peptides specific to the protein of interest are added in the sample after protein separation and tryptic digestion step.
SILAC: Stable isotope labeling by amino acids in cell culture (SILAC) has emerged with LC-MS as an accurate, robust and efficient technology for comparative analysis of different cell populations. Usually, two cell populations are cultured in the presence of heavy or light amino acids, one of them is subjected to a treatment and then combined and processed together.
SILAC-labeled internal standard(s):
Stable isotope labeled protein(s) (produced by a SILAC approach) are used as an internal standard for protein quantification. They added to samples in order to correct for losses during sample clean up, peptide decomposition during protein hydrolysis and losses through binding to active surfaces. The use of SILAC protein internal standards minimizes differences in sample processing and proteolytic digestion between the standard and its endogenous counterpart. They provide the most accurate and precise method for absolute protein quantification when combined with standard curves employing known amounts of the corresponding standard unlabeled endogenous protein.
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The serum concentrations were then compared with those obtained from a commercial ELISA kit.
Materials & methods
Clinical samples
Serum samples were from 100 subjects (50 nonsmokers, 50 smokers) enrolled in an ongoing study of tobacco biomarkers at the University of Pennsylvania School of Medicine. The demographic information is summarized in Table 1 and complete patient information is provided in Supplementary Table 2 ). All samples were immediately aliquoted and frozen at -80°C until analysis. The study was approved by the Institutional Review Board at the University of Pennsylvania (Protocol # 800924).
Reagents & chemicals
All reagents and solvents were LC-MS grade quality unless otherwise noted. The gene for human ApoA-1 in the Gateway entry vector pFN21AE0099, FuGENE ® 6 transfection reagent, protease inhibitors, and mammalian cell lysing buffer purchased from Promega (Madison, WI, USA). Human ApoA-1 isolated from human HDL was from ProSpec (East Brunswick, NJ, USA). Mouse serum was from Sigma-Aldrich (St. Louis, MO, USA). SILAC amino acids including [ 13 C 6 15 N 2 ]-lysine and [ 13 C 9 15 N 1 ]-tyrosine were from Cambridge Isotope Laboratories (Andover, MA, USA). DL-dithiothreitol (DTT), iodoacetamide (IAA) and dialyzed fetal bovine serum was from Sigma-Aldrich. 2-mecaptoethanol (BME) was from BioRad (Hercules, CA, USA). Ammonium bicarbonate (ABC) and formic acid were purchased from Fisher Scientific (Pittsburgh, PA, USA). Colloidal Coomassie and sequencing-grade modified trypsin from Promega. LC grade water and acetonitrile were from Burdick and Jackson (Muskegon, MI, USA). Custom-made AQUA peptides corresponding to endogenous peptides of trypsin-digested ApoA-1 were purchased from Thermo Scientific (Isotopic enrichment >99%, HeavyPeptide AQUA custom synthesis service (Rockford, IL, USA).
Expression of SILAC-labeled ApoA-1
The sequence of ApoA-1 was amplified by PCR reaction from ApoA-1 cDNA plasmid purchased from Promega (Supplementary Figure 1) , cells were scraped into PBS and centrifuged at 4000 rpm for 30 min. The cell pellets were lysed in mammalian cell lysis buffer (Promega) containing protease inhibitor cocktail (Promega). The lysate was centrifuged at 17,000 rpm for 1 h at 4°C. The supernatant was aliquoted and stored at -80°C until analyzed.
Sample preparation for LC-MRM/MS
All serum samples were thawed at room temperature, and 10 μl of each sample was diluted five times with cubes, washed twice with destain buffer containing 50 mM ABC and 50% acetonitrile, then incubated with 10 mM DTT in 25 mM ABC for 1 h at 60°C for protein reduction. The resulting free thiol groups were subsequently alkylated by incubating the samples with 55 mM IAA in 25 mM ABC for 1 h at room temperature in the dark. The gel pieces were washed twice with 50 mM ABC, dehydrated with acetonitrile and dried in a vacuum concentrator (Jouan RC10.22 by Thermo Fisher Scientific). The gel pieces were rehydrated with 150 μl of trypsin in 20 mM ABC for 1 h on ice followed by digestion at 37°C overnight. On the second day, the supernatants were transferred to clean tubes and the gel pieces were extracted by 50% acetonitrile with 3% formic acid by sonicating 20 min. The extracts were combined with supernatants, and dried in a vacuum concentrator. Desalting and concentration were carried out on Macrospin column (The Nest Group, Inc., Southborough, MA, USA) according to manufacturer's instruction. The eluted peptides were dried and re-suspended with 50 μl of mobile phase A. AQUA approach followed the same protocol, except the AQUA peptides (30 pmol/sample) were added after tryptic digestion.
Method validation by SILAC-labeled ApoA-1
Mouse serum was used as surrogate matrix for preparation of calibration standards and quality controls (QCs). Mouse serum was five-fold diluted with DPBS to mimic the matrix effect in human serum samples. Calibration standards were prepared by spiking appropriate amounts of the ApoA-1 standard to five-fold diluted mouse serum to make the final concentrations of 15.6, 31.3, 62.5, 125, 250.0 and 500.0 mg/dl. The preparation procedures for QC samples at concentrations of 22.5, 200.0 and 400.0 mg/dl were the same as that of the calibration standards. Five microliters of SILAClabeled ApoA-1 were added to each calibration standard and QC sample before loading samples on the SDS-PAGE gel. Assay validation was conducted according to the principles described in US FDA criteria guidelines for bioanalytical methods [49] . Linearity of standard curves was evaluated from 15.6 to 500.0 mg/dl. LLOQ was defined as the lowest calibration level, which could be fitted to the calibration curve with a residual of less than 10%, and peak area ratio deviating less than 25%. The accuracy and precision were determined on five replicates of low quality control (LQC), middle quality control (MQC) and high quality control (HQC) samples running on the same day (intraday) and on five different days (interday).
LC-MRM/MS analysis
LC-MRM/MS was performed on a TSQ Vantage (Thermo Fisher Scientific, San Jose, CA, USA) equipped with a CaptiveSpray™ ion source (Michrom Bioresources, Inc., Auburn, CA, USA). The mass spectrometer was interfaced with a Waters nanoAcquity UPLC system (Waters Corporation, Milford, MA, USA) equipped with an autosampler and sample thermo-controller (set at 4°C). Both the UPLC and mass spectrometer were controlled by Xcalibur software (Thermo Scientific). The syringe was washed with methanol/acetonitrile (50:50; v/v) containing 0.01% formic acid after every injection. Separations were performed using a Waters BEH130 C18 column (150 μm × 100 mm; 1.7 μm; 130 Å) (Waters Corporation) at 30°C using a partial loop injection. Samples were eluted with a linear gradient at a flow rate of 2 μl/min. Solvent A was water/acetonitrile (99.5:0.5; v/v) containing 0.1% formic acid, and solvent B was acetonitrile/water (98:2, v/v) containing 0.1% formic acid. The gradient started with 5% B, held for 5 min, then linearly increased to 60% B over 35 min. After washing with 95% B for 5 min, the column was re-equilibrated with 5% B for 10 min prior to the next injection. The MS operating conditions were as follows: spray voltage, 1800 V; ion transfer capillary temperature, 270°C; collision gas, argon at 1.5 mTorr; ion polarity, positive; scan type, selected reaction monitoring (SRM); chrome filter peak width, 15 s; S-lens, 127 v; cycle time, 1.5 s; Q1 peak width (FWHM), 0.7 u; Q3 peak width, 0.7 u; dissociation voltage (DCV), 10 V. MRM transitions were selected based on the LC-MS/MS spectra on a TSQ Vantage. The peak area ratio of each MRM/MS transition for each unlabeled/light (L) peptide to labeled/heavy (H) peptide was calculated by the Skyline software package (MacCoss Lab, Department of Genome Sciences, UW) and used for absolute quantification (Supplementary Table 3 ). The peptide ratios were calculated by the total L/H ratios of the three MRM/MS transitions. The ApoA-1 ratios were calculated by the average of nine selected peptides. Serum concentrations of tryptic peptides and ApoA-1 were obtained by interpolation from a standard curve prepared in mouse serum because murine ApoA-1 has no tryptic peptides that are identical with the nine that were chosen for analysis of human serum ApoA-1 ( Figure 1A ). 
(8) [50] and the Bland-Altman method [51, 52] were applied to assess the agreement between the ELISA and LC-MRM/MS assay.
Results & discussion
Selection of quantitative peptides & MRM transitions
To develop a robust and accurate quantification method for determination of ApoA-1 in human serum or plasma, [21] [22] [23] 53] . These were reduced to a more manageable set of nine peptides, which included all eight of the tyrosine-containing tryptic peptides. They were included because tyrosine has been implicated as potential sites for chlorination and nitration, which is known to alter the biological activity of ApoA-1 [54] [55] [56] [57] [58] . The nine tryptic peptides, which spanned amino acids D13 to K238 of the 243 amino acid protein ( Figure 1A) ( Figure 1B ).
LC-MRM/MS transitions were selected based on the LC-MS/MS spectra obtained on a TSQ Vantage. Initial experiments were conducted with five of the labeled AQUA peptides (Supplementary Figure 2) . Unfortunately, the ratios of light to heavy peptides exhibited a wide range, which differed by seven-fold among peptides even though samples were spiked with identical amounts of internal standard. Further, large variations were observed for each peptide determination (3-22%). Therefore, the accuracy and precision of quantification of ApoA-1 were highly dependent on which particular peptides were chosen. A similar problem was addressed by the Hoofnagle group [8, 26] . They showed that the coefficients of variation (CVs) of measurements that included the digestion step were more than two-fold higher than the CVs of measurements performed with predigested samples. Additional causes of this inaccuracy may include differences in the behavior of the peptides versus protein from sample extraction step to protein digestion step [59] .
Some reports have described the reproducible quantification of ApoA-1 peptides generated from protein calibrators combined with AQUA peptides [21, 23, 53] . For example, Smit et al. [53] used matrix-based protein 
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calibrators that undergo an identical workflow as the unknown specimens for determination of ApoA-1 in patient serum samples. The intra-assay CVs were <7%, and interassay CVs were also good (<9%). The quantification results may be useful for showing relative differences and trends between patient and control groups. However, this approach utilized an external calibration, which partially balanced the difference between endogenous protein and protein-generated peptide, but potential digestion inadequacies would not be accounted for by AQUA peptides, which were added after digestion. A recent study reported the use of purified stable isotope labeled (SIL) ApoA-1 as internal standard [60] . No improvement in precision was observed with the use of SIL-ApoA-1 instead of SILpeptide standards; however, the assay accuracy was not fully validated. Furthermore, the SILAC-ApoA-1 contained a His tag and V5-epitope tag so the SIL-protein was not identical with the endogenous form [36] . Table 4 ) [61, 62] . Identity and purity of ApoA-1 standard and SILAC-labeled ApoA-1 were both confirmed by SDS-PAGE gel and LC-MRM/MS assay. SDS-PAGE gel separation followed by Coomassie blue staining revealed a prominent band at 30 kDa with purity greater than 95%. Tryptic digestion of this band followed by LC-MRM/MS analysis confirmed that SILAC-ApoA-1 was isotopically labeled with [ 13 C 6 15 N 2 ]-lysine and [ 13 C 9 15 N 1 ]-tyrosine with labeling efficiency (heavy / (light + heavy)*100%) > 95% for all monitored peptides (Supplementary Table 5 ). Standard curves for serum ApoA-1 peptides were determined after extraction, PAGE purification and trypsin hydrolysis of the endogenous protein and its SILAC internal standard. Area ratios of the resulting nine tryptic peptides were calculated by skyline which were the total area of the three MRM transitions for each peptide compared with the total area of the corresponding three MRM transitions from its stable isotope labeled peptide internal standard (Supplementary Table 3 & Figure 2 ). Replicate comparison of peak areas and retention time were monitored by Skyline for all nine peptides (Table 2) .
Confirmation of
The r 2 values for standard curves run on three separate days were >0.997 and back-calculated values for the standards had precision and accuracy that met FDA recommendations (Supplementary Table 6 ) [49] . This confirmed that a linear response from peptides spanning across the entire protein could be obtained using a SILAC protein standard.
Plasma levels of high density lipoprotein (HDL) and ApoA-1 inversely correlate with the risk of developing coronary artery disease [63] . Some evidence implicates ApoA-1 oxidation in modulating further protein oxidation and contributing to atherogenesis in humans. In the present study, peptide WQEEMELYR, con- taining methionine, was chosen for monitoring the influence of methionine oxidation on endogenous and SILAC-labeled ApoA-1. Quantification of ApoA-1 based on nonoxidized methionine WQEEM(nonox) ELYR and total methionine WQEEM(total)ELYR are shown in Figure 3 . ApoA-1 concentrations in patient samples were higher and variations of nine signature peptides (CV%) were higher when calculations were from nonoxidized methionine, but the CV% dropped to 15% for all 100 patient samples when total-methionine was used for quantification (Supplementary Table 7) . Peptide variations could be caused by different rates of methionine oxidation between endogenous ApoA-1 and SILAC-labeled ApoA-1. This follows from the fact that many studies prefer to exclude peptides with methionine to avoid discrepancies in results that arise from oxidation. However, our study suggests that if no appropriate methionine-free peptides are available for quantification, the use of peptides containing methionine are feasible by combining signals of unmodified and oxidized peptides coupled with SILAC-labeled protein standard.
Method validation using SILAC-labeled ApoA-1
Mouse ApoA-1 has no identical tryptic peptides overlapping with the nine peptides we used for determination of human ApoA-1 ( Figure 1A) . Therefore, mouse serum was used as surrogate serum for the preparation of standard curves and QCs. Typical LC-MRM/MS chromatograms of the nine tryptic peptides and their stable isotope labeled (heavy) isotope internal standards are shown in Figure 2 . The uniqueness of peptides was checked by using the human proteome downloaded from NIST as the background proteome. The nine signature peptides that were chosen in this study were unique for ApoA-1. All chromatograms used for analysis gave Gaussian peak shapes and were clearly resolved from any closely eluting analytes. Calibration curves for each peptide were constructed from the ratios of peak areas of endogenous peptide to corresponding internal standard peptide generated from SILAC-ApoA-1. Linear standard curves were obtained for each peptide with r 2 values > 0.995 from 15.6 to 500.0 mg/dl (Supplementary Figures 3A-I) . The mean area ratios for the nine peptides were then used to construct a standard curve for ApoA-1 (Supplementary Figure 3J) . Satisfactory linearity was observed from 15.6 to 500.0 mg/dl at protein level with linear regression correlation coefficients all better than 0.997 (Supplementary Table 6 ). The LLOQ was determined as 15.6 mg/dl with accuracy and precision of less than 25% and with a residual of less than 10%. Method accuracy and precision were obtained for the analysis of all three QC serum samples (Table 2) . For the LQC (22.5 mg/dl), MQC (200.0 mg/dl) and HQC (400.0 mg/dl), the intraday accuracies of peptides were 84.3-115.6%; the intraday precisions of peptides were 0.2-18.3%; the interday accuracies of peptides were 83.5-117.4% and the interday precisions of peptides were 8.0-24.6%. Overall, the intraday accuracy and precision of ApoA-1 protein was 103.6-118.1% and 1.1-7.8%, respectively. The interday accuracy and precision of ApoA-1 protein was 93.0-103.8% and 13.2-19.4%, respectively. LQC, MQC and HQC samples that were re-analyzed after 48 h standing in the autosampler (4ºC) gave essentially identical data to that obtained from the original analyses. A matrix effect could alter the absolute responses of the analyte future science group Serum apolipoprotein A-I quantification by LC-MS Research Article and internal standard but would not change the ratio of the responses because the analyte and internal standard have identical physicochemical properties. To ensure that any possible effect on the absolute response would not affect the LOD, three different amounts of SILAC-labeled ApoA-1 (225, 450 and 900 ng) were spiked into pooled human serum (10 nonsmokers, 10 smokers) and pooled mouse serum. The absolute LC-MRM/MS responses for the nine SILAC ApoA-1 tryptic peptides from the two human serum and the mouse serum samples were within 25% indicating that there was no significant matrix effect in the range of ApoA-1 concentrations that the assay was validated for.
ApoA-1 level in nonsmokers & smokers
A total of 100 serum samples (50 nonsmokers and 50 smokers) were processed using the current validated LC-MRM/MS method. All ApoA-1 concentrations were within the linear range of standard curves. The mean concentrations (± SD) of ApoA-1 in nonsmokers and smokers were 169.4 mg/dl (± 55.1) and 138.2 mg/dl (± 48.9), respectively ( Figure 4A ). The smokers had statistically significant lower serum ApoA-1 concentrations compared with nonsmokers (p < 0.01). All nine serum ApoA-1 tryptic peptides also showed the same trends in both groups, with a statistically significant reduction in eight of the peptides in smokers compared with nonsmokers ( Figure 4B ).
The concentrations of pairs of ApoA-1 tryptic peptides that eluted consecutively from the LC column were compared with each other (Figure 5 ). These eight pairs of peptides were representative of 72 possible combinations of all peptide pairs. Excellent correlations were found for all nine of the serum ApoA-1 tryptic peptides from nonsmokers with r 2 values that ranged from 0.88 to 0.99 ( Figure 5A ). Excellent correlations were also found for six of the serum ApoA-1 tryptic peptides from smokers with r 2 values that ranged from 0.87 to 0.97 ( Figure 5B ). However, poorer correlations were found for three of the peptides LAEYHAK (r 2 = 0.64), ATEHLSTLSEK (r 2 = 0.70) and WQEEMELYR (r 2 = 0.71) suggesting that there could be post-translational modifications on these peptides ( Figure 5B ). Agger et al. [21] reported that during protease digestion, peptide ATEHLSTLSEK reached a maximum in 2-4 h and then plateaued or decreased from 5 to 21 h. A similar result was observed by van den Broek et al. [12] when they systematically evaluated trypsin digestion efficiency for the absolute quantification of ApoA-1. However, this would not explain our finding because the rate of hydrolysis would be identical for the labeled and unlabeled tryptic peptides released at the same rate from the labeled and unlabeled proteins, respectively. Furthermore, the correlations found in the nonsmoker samples for LAEYHAK (r 2 = 0.88), ATEHL-STLSEK (r 2 = 0.91) and WQEEMELYR (r 2 = 0.96) were excellent. In the study of van den Broek et al. [12] , the poorest correlation was observed between peptides VQPYLDDFQK and VSKLSALEEYTK (r 2 = 0.77), which was thought to be due to different digestion kinetics of slowly formed peptide VQPYLDDFQK, compared with the rapidly formed peptide VSKL-SALEEYTK. Nevertheless, in another study reported by Smit et al. [53] , a good correlation of these two peptides was obtained (r 2 = 0.90) from 11 patient samples. In our study, VQPYLDDFQK and VSKLSALEEYTK showed good correlation in both nonsmokers (r 2 = 0.98) and smokers (r 2 = 0.90) (Supplementary Figure 4) . This confirms that the spike in SILAC-labeled ApoA-1 internal standard procedure corrected for variability in peptide forming during the hydrolysis procedure. has been reported as the predominant site of both nitration and chlorination by myeloperoxidase (MPO) in vivo and was also the major site of nitration by peroxynitrite (ONOO-) in vitro [54, [56] [57] [58] . In our study, the correlation of peptide LAEY192HAK (r 2 = 0.88) was good in nonsmokers, while poor (r 2 = 0.64) in smokers. Our data also provides additional confirmation that evaluation of trypsin digestion efficiency before choosing final peptides for quantification as suggested previously by Miller et al. [11] can further improve the precision and accuracy of protein quantification.
Immunoassay & LC-MRM/MS
A commercial ApoA-1 human ELISA Kit (Abcam, ab108804, Cambridge, MA, USA) was used in our study for comparative measurement of ApoA-1 by immunoassay. In contrast to the values obtained by LC-MRM/MS, the mean concentrations (±SD) of serum ApoA-1 obtained by immunoassay for nonsmokers of 146.3 mg/dl (±39.7) and smokers of 137.8 mg/dl (±39.7) were not significantly different ( Figure 4A ). Unacceptable correlations were found between the LC-MRM/MS and ELISA serum ApoA-1 methods for both the nonsmokers and the smokers either from a Deming regression plot [50] or by a Bland-Altman comparison [51, 52] . The Deming regression showed a p-value of 0.214 for the nonsmokers ( Figure 6A ) and a p-value of 0.102 for the smokers ( Figure 6B ). The Bland-Altman Correlations did not meet the predefined acceptance limit criteria of 0.80 for the lower limit of agreement and 1.25 for the upper limit of agreement with data from either the nonsmokers (Figure 6C ) or the smokers ( Figure 6D ).
Conclusion
Absolute quantification of serum proteins relies heavily on two major bioanalytical approaches that involve the use of either stable isotope labeled pep- Serum apolipoprotein A-I quantification by LC-MS Research Article tide (AQUA) internal standards [17] coupled with LC-MRM/MS [11, 12, 64] or immunoassay-based procedures such as ELISA [65] . Unfortunately, both of these methods have potential problems that cannot be fully evaluated without an alternative gold standard method for confirmation. In the case of AQUAlabeled peptide internal standards, they cannot be used to track protein recovery or efficiency of protein digestion prior to LC-MS analysis. Therefore, it is possible to obtain very high precision and accuracy for the relevant peptides as well as excellent precision for protein quantification. However, accuracy of protein quantification cannot be unequivocally determined because there could be selective losses during protein extraction and/or the labeled peptides could undergo differential decomposition during the protease hydrolysis procedure [48] . In the case of immunoassays, absolute quantification can be confounded by cross-reaction with other serum proteins in the matrix or constituents in the matrix that affect the antibody-antigen interaction [8] . The use of SILAC methodology has allowed for relative quantification to be conducted successfully. However, it is rare to find that rigorous bioanalytical validations of SILAC-based methods are conducted using pure protein standards.
We have developed an approach that employs the transfection of human cells with an appropriate plasmid so that large amounts of stable isotope labeled protein can be produced. This is a better approach than the alternative use of insect cells where the labeled protein generated could be misfolded and so might not track with the endogenous protein during protease digestion [36] . Using a spike-in SILAC internal standard coupled with analysis by LC-MRM/MS, we have found an excellent correlation in precision and accuracy for all nine peptides that span the 243 amino acids of ApoA-1 protein. After rigorous validation of the assay (Table 2) , an 18.4% reduction in serum ApoA-1 concentrations was found in tobacco smokers (138.2 mg/dl) when compared with nonsmokers (169.4 mg/dl) ( Figure 4A) .
A commercial ELISA kit showed a very poor correlation with the spike-in SILAC protein LC-MRM/MS assay for serum ApoA-1 from the nonsmokers ( Figure 6A ) and smokers (Figures 6B) . Furthermore, the ELISA kit was unable to distinguish nonsmoker and smoker serum ApoA-1 levels ( Figure 4A ). Interestingly, there was a relatively poor correlation in the LC-MRM/MS assay for three of the tryptic peptides (LAEYHAK, ATEHLSTLSEK and WQEEMELYR) when compared with the six other tryptic peptides in the serum ApoA-1 that was obtained from smokers ( Figure 5B ). In contrast, there was an excellent correlation of these three peptides with other peptides in the ApoA-1 obtained from nonsmokers ( Figure 5A ). This suggests that there could be post-translational modifications on these three peptides. It has been shown that Y-192 on peptide LAEYHAK can be chlorinated and nitrated [54] [55] [56] [57] [58] 66] . However, there are no reported post-translational modifications on the other two peptides. Current studies are being conducted in order to identify potential modifications on the ApoA-1 from smokers as additional biomarkers.
Future perspective
Quantification using SILAC labeled proteins has been used in numerous proteomics studies. However, rigorous method validation using a full-length stable isotope labeled protein internal standard has been used rarely. In the present study, full validation was performed by the use of LC-MRM/MS and nine tryptic peptides generated from native ApoA-1 and SILAC-labeled ApoA-1 prepared in human kidney HEK cell line. This methodology can be employed to explore subtle changes in ApoA-1 levels as a potential biomarker of cardiovascular disease and as a biological response indicator for tobacco smoking to complement the use of urinary nicotine metabolites [67] , NNAL [68] , isoprostanes [69] and 8-oxo-dGuo [70] . It will also serve as a gold standard to validate other LC-MS and immunoassay-based procedures for serum ApoA-1. It is noteworthy that the stable isotope peptide (AQUA) internal standards did not provide adequate accuracy and specificity for the analysis of serum ApoA-1 (Supplementary Figure 2 ). It will also be possible to apply this methodology to other serum apolipoproteins for a better understanding of their biological activity and potential post-transitional modifications in vivo. This is important when commercially available ELISA kits might fail to detect the differences in these potential biomarkers.
The stable isotope dilution LC-MS assay for serum ApoA-1 that we have developed is complex and can only be performed in a limited number of laboratories. However, unlike widely used simpler and less specific assays such as ELISAs, it can provide an accurate and highly reproducible assessment of serum ApoA-1 concentrations. Reduced levels of serum ApoA-1 are associated with an increased risk for coronary heart disease (such as for smokers) and so this assay will have significant clinical utility in identifying individuals at risk. The assay will also have clinical utility for providing definitive information on the effects of smoking cessation as well as therapeutic interventions in other high risk populations with HMG-CoA-reductase inhibitors such as rosuvastatin and atorvastatin [71] and fibrates such as fenofibrate [72] or dietary interventions with saturated and cis-monounsaturated fatty acids [73] . Such individualization of therapy is currently not possible with the assay methodology that is available for analyzing serum ApoA-1 concentrations in most clinical laboratories. No writing assistance was utilized in the production of this manuscript.
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• Quantification of ApoA-1 was performed by stable isotope dilution LC-MRM/MS analysis using seven tyrosine-containing peptides and two additional peptides.
• The influence of methionine oxidation on ApoA-1 quantification was evaluated by monitoring oxidized and nonoxidized methionine.
Results & discussion
• The LC-MRM/MS method was fully validated using nine tryptic peptides generated from native ApoA-1 and SILAC-labeled ApoA-1.
• All nine tryptic peptides showed the same trends in the 50 nonsmokers and 50 smokers.
• Serum ApoA-1 levels were 18.4% lower in smokers (n = 50) compared with nonsmokers (n = 50).
• Peptide correlation results suggested that there were unidentified post-translational modifications present on tryptic peptides LAEYHAK, ATEHLSTLSEK and WQEEMELYR from smoker's serum ApoA-1.
• Poor correlations were found between LC-MRM/MS and an ELISA-based method.
Future perspective
• Subtle changes in serum ApoA-1 levels as well as effects of tobacco smoking on serum ApoA-1 can be monitored with this new LC-MRM/MS method.
• The new method will serve as a gold standard to validate other LC-MS and immunoassay-based procedures for serum ApoA-1.
